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Hydrogenic ion mass effects, namely the isotopic effects on impurity transport driven 
by ion temperature gradient (ITG) turbulence are investigated using gyrokinetic theory. 
For non-trace impurities, changing from hydrogen (H) to deuterium (D), and to tritium 
(T) plasmas, the outward flux for lower (higher) ionized impurities or for lighter 
(heavier) impurities is found to decrease (increase), although isotopic dependence of 
ITG linear growth rate is weak. This is mainly due to the decrease of outward (inward) 
convection, while the isotopic dependence of diffusion is relatively weak. In addition, 
the isotopic effects reduce (enhance) the impurity flux of fully ionized carbon (C6+) for 
weaker (stronger) magnetic shear. In trace impurity limit, the isotopic effects are found 
to reduce the accumulation of high-Z tungsten (W). Moreover, the isotopic effects on 
the peaking factor (PF) of trace high-Z W get stronger with stronger magnetic shear.       
I. Introduction 
In fusion plasmas, the non-hydrogenic ions, i.e., impurities produced mainly from 
the plasma facing materials interaction are inevitable elements. Especially, helium ash 
generated by deuterium (D)-tritium (T) reaction in fusion reactor is another species of 
intrinsic impurity. Sometimes, deliberate impurity seeding is also an important impurity 
source. Although impurities create a radiation belt in the edge for exhausting continuous 
heat, accumulation of them, especially high-Z impurity such as tungsten (W) in the core 
can cause the fuel dilution and power loss through radiation, leading to plasma density, 
temperature and fusion power degradation, 1-3 which is disastrous for the success of 
fusion reactor. Here, Z is the charge number of impurity. Accordingly, comprehensive 
understanding of physics mechanisms of impurity transport, particularly the conditions 
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of avoiding the impurity accumulation in the core is of great significance for fusion 
plasmas.  
Actually, impurity transport is a universal issue in magnetic confinement plasmas. 
Apart from the helical systems4 and reversed field pinch (RFP), 5 impurity transport has 
also been intensively studied in tokamak plasmas by neo-classical theory6-8 and 
anomalous transport theory. 9-34 The anomalous transport is attributed to the presence 
of drift wave-type turbulence. For turbulent impurity transport, the theoretical and 
simulation works10-21 all hitherto existing mainly focused on ion temperature gradient 
mode (ITG) and trapped electron mode (TEM) turbulence. 
In the published literatures of turbulent impurity transport, the most used 
simplification is trace (tested, passive) impurity approximation13-16, 30-32 or dilution 
model11 especially for heavy metal impurities. 35 But, impurities can have non-
negligible influence on turbulence. 36-45 For example, the effects of impurity 
concentration on the linear growth rate depend on impurity density gradient, 37, 44, 45 but 
the critical value is not quantitatively pointed out. It further motivates impurity transport 
study by considering the effects of impurity profile on turbulence called non-trace 
impurity transport. 10-12, 30, 38, 46 No matter for non-trace or trace impurity transport, 
various physical interpretations regarding to the magnitude or the sign of the impurity 
transport as well as its parametric dependencies, such as Z, impurity mass number 
( zA )
11, 14, 18 and magnetic shear30, 32, 47 have been widely studied. 
The isotopic effects are also longstanding issues. It is found that confinement of 
momentum, particle and energy is improved as changing from hydrogen (H) to D or D-
T plasmas. In different operation regimes, the mass scaling is found to be widely varied 
in the range 0 0.85iA
 , 48 where iA  is the mass number of main ions. Particularly, the 
isotopic scaling of the energy confinement time, 0.6iA  was found for ITG turbulence. 
49 The ITG turbulence is thought to be the dominant candidate for anomalous transport 
in the bulk plasma region. Recently, isotopic effects on impurity transport are also 
experimentally investigated in both stellarator and tokamaks. 50, 51 Impurity 
confinement is found to be decreased by increasing the D/H ratio in TJ-II. 50 In JET, 51 
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high-Z impurity transport level from boundary to core may be higher with higher 
effective charge number and higher effective mass number. The isotopic effects on light 
or medium mass impurities, to our knowledge, have not been investigated in tokamaks 
yet. Theoretical and simulation studies of isotopic effects on micro-turbulence 52 has 
been reported. Especially, effective mass dependence of linear growth rate of ITG and 
TEM were also studied by including impurities. 53, 54 However, theoretical study of 
isotopic effects on impurity transport is still lacking. 
The aim of this work is to explore isotopic effects on impurity transport driven by 
ITG turbulence. In this paper, the effects of changing hydrogen isotopes from lighter to 
heavier are referred as to isotopic effects. We focus on the quasi-linear (QL) turbulent 
impurity transport in sheared slab geometry without the assumption of trace impurities. 
The impurity flux is divided into diffusive and convective parts expressed as 
0 0z z z z zD n V n      , where z  represents the impurity flux, zD  and zV  are the 
diffusivity and convective velocity, respectively. Various parameters such as zA  and Z 
as well as magnetic shear parameter (S) scans for isotopic effects on impurity flux and 
the corresponding diffusivity and convective velocity are investigated. The tolerance 
for heavy impurities such as W in the core for the stable plasma operation is about 
0.01%. 35 For this concentration, our results can be reduced to trace impurity limit. Then, 
the isotopic effects on impurity peaking factor (PF) defined as /z zRV D   are 
accordingly studied. H, D and T are chosen as the main isotope working gases. The 
main results in the present work are summarized in Table. I. 
Table I. Overview of results: parametric scans for isotopic effects on normalized 
impurity flux ˆ z , convective velocity 
ˆ
zV , diffusivity 
ˆ
zD , PF, respectively. 
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Parameters 
 
   Non-trace impurity 
  
Trace impurity 
ˆ
z  （ ˆzV ） ˆ zD  
PF 
Z 
 
Z: unfavorablea 
Z >5: favorableb 
 
 
Weakc 
Z< 6: unfavorable 
Z 7: favorable 
zA  12zA  : unfavorable 
14zA  : favorable 
 
---d 
S  For C
6+: 
S < 0.15: unfavorable 
S 0.15: favorable 
For W45+: 
Favorable 
aUnfavorable (bFavorable): isotopic effects in this parameter region are unfavorable (favorable) for 
increase of outward flux (negative PF) or decrease of inward flux (positive PF). 
cWeak: isotopic effects on impurity transport in this parameter region are weak. 
 d---: no scan about this parameter. 
The remainder of this paper is organized as follows. In Sec. II, the dispersion 
equation in the presence of non-trace impurities is derived, and the isotopic effects on 
linear growth rate and mode frequency of ITG are given. The isotopic effects on 
impurity transport driven by ITG turbulence are discussed in Sec. III. Finally, a brief 
summary and some discussions are presented in Sec. IV.    
II. Isotopic dependence of ITG instability with non-trace impurities. 
 In this section, we study the isotopic dependence of ITG mode in the presence of 
impurities including both the dilution and the impurity density profile effects. Both the 
perturbed gyrocenter distribution functions for ions and impurities can be separated into 
the adiabatic part and non-adiabatic part, i.e., 0
gcZ e
f F g
T

 


    . Here, the 
equilibrium distribution function 0F  is assumed to be Maxwellian. The subscript 
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,i z   denotes the ions and impurities, respectively, Z  is the charge number 
( 1Z   for hydrogenic ions, Z Z   for impurities), gc  is the elecrostatic 
potential fluctuation, T  is the temperature of ions or impurities. The ...  denotes a 
gyrophase average. In the following, we consider the magnetic field mainly along the z 
direction and the shear component along the y direction expressed as 
z y
s
x
B B e e
L
 
  
 
 , 55 where sL  is the scale length of magnetic shear ( ( )0sL    
corresponds to normal (negative) magnetic shear), x, y, and z directions correspond to 
the radial, poloidal, and toroidal directions in tokamak configuration. The linearized 
gyrocenter Vlasov equation for the non-adiabatic response is given as 56 
0 0 ,y gc gc
c e
i g ik U g ik F i F
B T
  

                    (1) 
where   is the characteristic fluctuation frequency, U  is the parallel gyrocenter 
velocity, c  is the light velocity in vacuum, k  and yk  are wave vectors along the 
parallel direction with respect to the magnetic field B  and y direction, respectively. In 
the fluid regime, most of the ions and impurities satisfy the relationship k U  , so 
that we expand the propagator up to the second order: 
22
2 3
1 1 k U k U
k U   
  

.      
                 
(2) 
The electrostatic potential fluctuation can be written in Fourier space
    z yi t ik z ik yk
k
r x e

 
  
  . For the sake of simplicity, we take 'k k x   with 
' y
s
k
k
L
  and x being the distance from the location of rational surface. After pull-back 
transformation and integration in phase space, we can obtain the perturbed density for 
main ions and impurities 
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 
2
2
, 0
1
1 (1 )
2
th k
k
k v Z e x
n b x n
T
  
   

 
 
  
 

                      
.   
  
(3) 
We should point out that the lowest order of finite Larmor radius (FLR) effects and 
parallel compression terms are retained. Here, 
y
n
k cT
L Z eB




    is the diamagnetic 
drift frequency, 
1 0ln
n
n
L
r
  

, 
n
T
L
L


   with 
1 ln
T
T
L
r
  

, 
2 21
2
b k    , 
2
2 2
2y
k k
x


 

 , th
v 


 

  is the thermal gyroradius, thv   is the thermal velocity, 
Z eB
m c



   is the particle cyclotron frequency with m  being the mass of ions or 
impurities. For adiabatic electrons i.e., 
,
k
e k
e
e
n
T

   with eT  being the electron 
temperature, the radial differential dispersion eigenmode equation can be obtained from 
the quasi-neutrality equation e i zn n Z n    , i.e., 
  
2
2
2
0W W W kA B C x x
x

 
   
 
,                       (4) 
with coefficients 
2
2
1
1 (1 )
2
W
s
A g  

 

 

 
   
 
 ,
2 211 1 (1 )
2
W yB g k
 
  

 
 
 
 
    
        
    
 , 
2
21 1 (1 )
2
th
W s
k v
C g   


 
 

   
         
 . 
This is a Weber equation. Here, 
s
x
x

   with ss
i
c
 

 , sc   is the ion acoustic 
velocity,  1i i cg Zf   and 
2
z z cg Z f  are weighting factors corresponding to 
ions and impurities with /i e iT T   , /z e zT T   , and 0 0/c z ef n n   being the 
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impurity concentration. Solving Eq. (4), the corresponding eigenfunction is thus given 
as 
 
  2ˆ
exp( )
ˆ 2
k
F x
x i S



 ,                      (5) 
and the dispersion equation can also be followed as 
         2 2 + +ˆ ˆ ˆ ˆ ˆ ˆ2 1 0z ziy i y zi ib b K if f S F K f           .        (6)
 
Here,   is the order of the Hermite polynomial. The other symbols are in the 
following: ˆ
e



  , 
e
y e
e
n
k cT
L eB
   , 
1 0ln
e
e
n
n
L
r
  

 , 2 2
1
2
iy y ib k   , 
1 zc cz
i
A
Zf f
A
f     , 
(1 )
=K 




 , 
 1 + z
z
c ei i c ez z
i
A
Zf L K f L K
A Z
f
K

  , e
n
s
L
S
L
  , 
= e
n
e
n
L
L
L

 ,  
 
 
2 2
2
/
1 1
ˆ
ˆ
ˆ
c ez zi z
z zi
f L K ZA Z A
F
A A Kf



  
    
 

 
. We should note that it will 
be reduced to unsheared case if magnetic shear approaches to 0. This is not in the scope 
of this paper. The range of S  is from 0.05 to 1 in the later part of this paper. The 
absolute value of S is required by the ‘outgoing’ energy condition. 57 In addition, the 
equilibrium quasi-neutrality equation imposes the relationship  1 1c ez c eiZf L Zf L   . 
If z iT T  is further assumed, we have  
1
/ 1z i c c
ez
Zf Zf
L
 
 
   
 
. Ref. [46] used an 
approximation of /z iA A Z   which can make  ˆ 1F    . However, the charge 
number Z and mass number zA   of various impurities in our work are realistic. 
Therefore, we cannot use the same approximation as Ref. [46]. To obtain an analytic 
solution, we just artificially take  ˆ 1F   , which is equivalent to an approximation 
of cancellation of impurity contributions to WC   and WA  . This might result in 
inconsistency with keeping impurity contribution in other terms, which should be 
carefully treated in future. Then, the dispersion equation can be reduced as 
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      21 + 1 2 1 + 1 0ˆ ˆ 2iy i iy iz z zb b K i S i S Kf f f       
.      
（7）
 
For     
2
2 1+ 2+ 2 1 1z z iy i ziy iS bf fKfK b      
 , we can obtain the normalized 
real frequency and linear growth rate with 0  
 
  
 
1+ 2+ 2 1
2 1
ˆ
iy i
iy i
z z
r
z
S K bf f
fb



 
 
 

,                    (8) 
  
 
1+
2
ˆ
2+ 2 1
1
iy i
i zy
z z
i
S f
b
fK b S
f



  
 


,                    (9) 
respectively. Comparing to Ref. 55, we add the influence of impurities on mode 
instability and keep the FLR effects and all terms related to magnetic shear. Here, we 
do not consider resonant ion effects, 58 which might need to be investigated in depth in 
future. From Eq. (9), we can see that the dependence of linear growth rate on impurity 
concentration relies on impurity density profile, which mainly comes from the effective 
ITG drive 
2 2
1
1 1c ez z zi i
i i i
z
ez
f
Zf L A A
K K
A Z A Z L


  
      
  
 . It is obvious that the 
condition, 
2 2
1
1 1 0z z i
i i ez
A A
A Z A Z L

 
    
 
  determines a critical impurity density 
gradient ,ez cL  for discriminating destabilization and stabilization effects 
                 
1
, 2 2
1+ 1 /z zez c i
i i
A A
L
AZ AZ


  
   
  
.                     (10) 
For ,( )ez ez cL L  , the effective ITG drive is reduced (enhanced) by the presence of 
impurities. From the results of Eqs. (8) and (9), the isotopic dependence as well as the 
parametric dependence such as impurity concentration and impurity profile of the ITG 
instability are examined, which are shown in Fig.1. We take the following parameters: 
S  00.1, 1 ( )i z z i eT T T      , / 2enR L   , 3i   , 0.2y sk    , 0.01cf   , and 
fully ionized carbon (C6+) is taken as the impurity unless otherwise stated. The isotopic 
components are H, D, T, respectively.  
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The normalized growth rate is shown in Fig. 1 (a), (c), and mode frequency is 
shown in Fig. 1(b), (d) as a function of ezL  with different cf  and different isotopic 
components. As shown in Fig. 1(a) and (b), both the normalized growth rate and the 
real frequency decrease with increasing ezL , and the mode propagates in the direction 
of the ion diamagnetic drift. Higher cf   causes smaller (greater) growth rate for 
,( ) 0.27ez ez cL L   , which is qualitatively consistent with Refs. 37, 44. The critical 
ezL  for distinguishing the destabilization and stabilization effects is also in agreement 
with Eq. (10). Interestingly, isotopic effects on ITG instability are found to be weak for 
the typical parameters taken in this work, but ˆ ˆ ˆH D T      is still satisfied as 
presented in Fig. 1(c). This is also qualitatively consistent with the numerical result of 
ITG modes in H, D, T plasmas with impurities reported in Ref. 53. The weak isotopic 
effects on ITG instability mainly due to the weak iA  dependence of the effective ITG 
drive,  1 zc ei i c ez z
i
z
A
K Zf L K f L K
AZ
f    . Although impurity mass to ion mass ratio 
/z iA A  in the latter term is decreased from H to D, and to T, this term due to small 
impurity concentration is small as compared to the first term. Meanwhile, impurity 
influence on mode structure can be extracted from Eq. (5) with the simplified form 
 
2
exp( )
ˆ 2
k
S x
x i

   under  ˆ 1F    . For fixed S  , the radial mode width 
proportional to 
1/2
ˆ  will be unambiguously influenced by changing impurity profile 
or impurity concentration as shown in Fig. 1(b). From Fig. 1(d), we can also observe 
that the isotopic effects slightly decrease the radial mode width in the presence of 
impurity because of the weak relationship ˆ ˆ ˆH D T    .           
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Fig. 1. Normalized growth rate and mode frequency as a function of ezL  with different 
impurity concentration in Fig1. (a) and (b) and with different isotopic components of 
H, D, T in Fig1. (c) and (d).  
III. Isotopic dependence of impurity transport 
QL turbulent impurity flux driven by radial fluctuating E B  velocity can be 
written as 
,
0 0
Re
,
z E B r z
z z z z
v n
D n V n
  
   
                        (11) 
with diffusivity 
 
2 22 2
22 2 2
2 2 2 2
ˆ1 1 3
= 1 2 1 1
ˆ4 2 2
s sk z r i
z sy y s s
k r z i
k
k r z r
k c k cA A Z
D b k c
A Z Ax

 

    
      
        
     

,                                                                 (12) 
and convective velocity 
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 
2 22 2
2 2 2
2 22 2
22 2 2
2 2
ˆ1
ˆ 1
ˆ4 2
ˆ1 1 3
2 1 1
ˆ2 2
e
z
s sk z r i
z r
k r i n k r z r
s sr i
sy y s s k
T z k r z r
k c k cA A Z
V
AZ L A
k c k cA Z
b k c
L Z A
 

   

 
   
   
     
   
   
       
   

.                                                                          (13) 
Here, 2 2
1
2
sy y sb k   , 
k
k
e
e
T

   . Likewise, the ion flux i  can be also calculated. 
The radial ambipolar relationship of turbulent particle flux 0i zZ     can thus be 
easily verified for the adiabatic electrons. Many previous works on impurity transport 
are indirectly deducted from the ion flux through this ambipolar relationship. 46, 59 On 
the right hand side of Eq. (13), the terms proportional to 1 /
en
L  are denoted by e
n
zV

, 
and the terms proportional to 1 /
zT
L  are thermodiffusion convective velocity TzV
 . 
Here, we take orderings 2 2 2/ ~ ~s r syk c b    with    being the small ordering 
parameter. Thus, all the terms related to parallel compression and syb   can be 
neglected. Then normalizing the flux to 
2
0z ksn c   , the normalized transport 
coefficients (
2ˆ / ( )kz z sD D Rc  , 
2ˆ / ( )z z s kV V c  ) are given as 
22
1 1
1
2
ˆ
ˆ
ˆ ˆ
ne z
y
r
s
k i
k
kz
zD
L A
S k
R A Z



 
 
  
 
 ,                  (14) 
2
1ˆ ˆ
1
2 ˆ
z
z ne
y s
k i ne
z r
r T z
A L R R
S k
A Z R L L Z
V 

  
  
  
 ,             (15) 
where 0  is used. The normalized width of modes localized around the rational 
surface is taken as /
es n
x L L . From Eq. (15), we can clearly see that the direction 
of convective velocity depends on the competition between inward ˆ enzV

 ( ˆ 0r   for 
ITG) and outward ˆ TzV
  . If ˆ
1
e
z
n
z
r
T
L
Z L
   , the convective velocity ˆzV  is outward, 
which is favorable for expulsion of impurities. Otherwise, ˆzV  is inward, and may 
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cause the accumulation of impurities in the core. Since turbulence amplitude itself can 
be a function of isotopes, the analysis on the normalized flux and transport coefficients 
for non-trace impurity is more useful for determining their signs than their absolute 
value. However, the analysis on the peaking factor for trace impurity may be justified 
due to the cancellation of amplitude dependence. In the following, the isotopic effects 
on impurity flux and transport coefficients with various parameters scan will be 
discussed. 
A. Non-trace impurity transport  
In this subsection, we take core peaked impurity profile, 1ezL  . The parametric 
dependence of isotopic effects on impurity transport with hollow impurity profile has 
the similar trends as the case with peaked impurity profile, so we only present the latter 
case. In Fig. 2, the normalized impurity flux and the corresponding transport 
coefficients are given as a function of Z of Ar with different hydrogenic plasmas. The 
outward normalized impurity flux as well as ˆ zD  and 
ˆ
zV  decreases and tends to 
saturate with the increase of Z. Particularly, ˆzV  changes from outward to slightly 
inward with increasing Z. This is because the inward ˆ enzV
  (~
1
Z
 ) overcomes the 
outward ˆ TzV
  (~
2
1
Z
) with increasing Z for fixed zA . But, the outward diffusive part 
is larger than the inward convective part. Therefore, the flux is still outward which 
may have an ability of expelling impurity out. For lower Z (Z≤5), changing from H to 
D, and to T plasmas, the isotopic effects reduce the outward impurity flux as shown in 
Fig. 2 (a). We can see that it is mainly because the outward convective velocity ˆzV  is 
decreased by the isotopic effects as shown in Fig. 2 (b). This is also consistent with 
Eq. (15). The isotopic effects on flux and the corresponding transport coefficients are 
relatively weak for higher Z (Z>5). 
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Fig. 2. Normalized impurity flux (a) and normalized transport coefficients (b) versus 
charge number Z of Ar for H, D, T plasmas. 
The mass number zA  scan for isotopic effects on normalized impurity flux and 
the corresponding transport coefficients is presented in Fig. 3. Here, zA   is the 
realistic mass number of fully ionized impurities from He to Ar. Impurity flux is 
always outward. The outward convective velocity ˆzV   decreases with zA  , and 
changes to be inward, while the diffusivity ˆ zD  is almost unchanged with zA  as 
shown in Fig. 3(b). These lead to the decrease of impurity flux with zA  as shown in 
Fig. 3(a). Notably, the isotopic effects of impurity transport depend on impurity mass 
number zA . The flux of lighter fully ionized impurities from He to C is reduced by 
isotopic effects. While, for the relatively heavier fully ionized impurities from N to Ar, 
the isotopic effects slightly enhance the flux. These are mainly because the outward 
(inward) convective velocity ˆzV   for lighter (relatively heavier) impurities is 
decreased by isotopic effects as shown in Fig. 3(b). In one word, the isotopic effects 
are favorable (unfavorable) for relatively heavier (lighter) impurity transport. 
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Fig. 3. Normalized impurity flux (a) and normalized transport coefficients (b) versus 
realistic mass number of fully ionized impurities from He to Ar with H, D and T 
plasmas. 
In Fig. 4, we show the magnetic shear parameter dependence S  on impurity flux 
and the corresponding transport coefficients for H, D and T plasmas. The outward flux 
as well as ˆ zD  and outward 
ˆ
zV  for H, D and T are all decreasing with S  . The 
convective velocity ˆzV  even changes from outward to inward with increasing S . 
We can see that the isotopic effects on impurity transport also depend on magnetic 
shear. For weak magnetic shear ( S <0.15), the outward flux is reduced by isotopic 
effects, but enhanced by isotopic effects for strong magnetic shear ( S  0.15) as 
shown in Fig. 4(a). These are mainly because the isotopic effects reduce the absolute 
value of ˆzV  for the whole regime of S  . In other words, the isotopic effects can 
enhance impurity transport if the absolute value of magnetic shear is strong. 
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Fig. 4. Normalized impurity flux (a) and normalized transport coefficients (b) versus 
absolute value of magnetic shear parameter S  for H, D, T plasmas. 
 In Fig. 5, the impurity flux and the normalized transport coefficients versus 
electron-to-impurity temperature ratio z  are illustrated. Here, the impurity is high 
temperature He2+ from D-T reaction. As we know, the alpha particles from D-T reaction 
dominantly heat the electrons, 60 and then exchange energy to ions by collisions. As the 
energy exchange time is typically shorter than the slowing down time of alpha particles, 
so we assume 1i  , 1z   for He
2+, and take the tolerance concentration as 10% in 
ITER according to Ref. 3. Here, we simply assumed that the temperature gradient of 
He2+ equals to that of main ions, then we have  
1
/ 1zz i c c
i ez
Zf Zf
L

 

 
   
 
. The 
pair of isotopic fueling ratios 0 0 0/ ( )D D D Tf n n n   and 0 0 0/ ( )T T D Tf n n n   are 
set as 25%+75%, 50%+50% and 75%+25%, respectively, and iA  in Eqs. (8), (9), (14) 
and (15) for D-T plasmas is replaced by effective ion mass number , 2 3i eff D TA f f  . 
It can be clearly seen that the flux is decreased with increasing z  (decreasing zT ) as 
shown in Fig. 5 (a). It indicates that it is easier for transporting higher temperature He2+ 
out. This might be a bad news for ITER. In Fig. 5 (b), with increasing z , the diffusivity 
ˆ
zD   apparently decreases, while the outward convective velocity 
ˆ
zV   increases to 
saturation. The decrease of ˆ zD  dominates the increase of 
ˆ
zV . For high temperature 
He2+ in Fig. 5 (b), the isotopic effects prominently reduce the outward convective 
velocity ˆzV , but show a weak influence on the diffusivity 
ˆ
zD . Therefore, the outward 
flux is reduced by isotopic effects as shown in Fig. 5 (a). 
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Fig. 5. Normalized impurity flux (a) and normalized transport coefficients (b) versus 
electron-to-impurity temperature ratio z  for He
2+ impurity from D-T reaction. The 
concentration for high temperature He2+ is taken as 0.1cf  .      
B. Trace impurity transport  
As we know, W will be used in ITER divertor, and could be also considered in the 
future reactor. The tolerance of W in ITER and present ITER-like wall (ILW) devices 
is very limited. 3 Here, we set W concentration as 410cf
 , and W can thus be treated 
as trace impurity. The isotopic effects on PF, /z zRV D  with scans of Z and S  are 
shown in Fig. 6. The negative (positive) PF corresponds to outward (inward) zV . In 
Fig. 6 (a), the absolute value of negative PF is reduced, and then changes sign to positive 
with the increase of Z. This may suggest accumulation of higher ionized W. But, the 
good news is that the accumulation of higher ionized W can be reduced by isotopic 
effects. However, it is noted that the transport of high-Z impurities are higher with 
higher effective charge number and higher effective mass number in JET. 51 In Fig. 6(b), 
we show that the accumulation (positive PF) of W45+ is enhanced by increasing S . 
The isotopic effects can reduce the PF of W45+, i.e., lead to reduction of accumulation. 
Moreover, the isotopic effects get stronger with the increase of S . 
 
 
17 
 
   
Fig. 6. Impurity peaking factor /z zRV D  versus Z (a) and S  (b) for H, D, T 
plasmas. 
IV. Summary and discussions 
In the present work, isotopic effects on non-trace and trace impurity transport driven 
by electrostatic ITG turbulence in sheared slab geometry are investigated. QL impurity 
flux divided into the summation of diffusion and convection is calculated. Then the 
isotopic effects on non-trace impurity flux and the corresponding transport coefficients 
are analyzed. For trace impurity, the isotopic effects on PF are also discussed. The 
principal results of this work are as follows.     
(1) Isotopic effects on ITG mode are found to be weak with the presence of impurity. 
In particular, the critical impurity density gradient for discriminating destabilization and 
stabilization effects of impurity is achieved as given in Eq. (10). 
(2) It is found that the isotopic effects are unfavorable (favorable) for transporting 
impurity with relatively lower (higher) Z, lighter (heavier) mass and weaker (stronger) 
magnetic shear. This is mainly because the outward (inward) velocity ˆzV   are 
decreased by isotopic effects, while isotopic effects on diffusivity is relatively weak.  
(3) It is easier for expelling higher temperature He2+ from D-T reaction, which might 
be a bad news for ITER. Moreover, isotopic effects reduce the outward flux of high 
temperature He2+, which is also mainly because the outward convective velocity ˆzV  is 
reduced by isotopic effects.  
18 
 
(4) For trace W, the decreases of Z and S  reverse the zV  from inward to outward, 
which is favorable for easing the accumulation degree in the core. The isotopic effects 
also apparently reduce the accumulation level of high-Z impurities such as W45+, and 
these effects get stronger with the increase of S . 
 The major efforts of the present work are aimed at investigating the isotopic effects 
on impurity transport driven by ITG turbulence in slab geometry. More carefully study 
in realistic tokamak geometry and extension to electromagnetic micro-turbulence are 
also worthwhile. Not only the mode structure and growth rate can be modified by 
toroidal effects, but also the turbulent flux changes. Especially, the isotopic effects on 
turbulent equi-partition (TEP) pinch seems an interesting topic in tokamak plasmas. A 
further step could include the nonlinear coupling of ITG and zonal flows. With powerful 
electron heating and alpha particle heating, it is also interesting and necessary to study 
the isotopic effects on impurity transport driven by other candidates for anomalous 
transport, such as TEM and electron temperature gradient (ETG) turbulence. Moreover, 
global gyro-kinetic or gyro-fluid simulation about the isotopic effects on impurity 
transport is also an open question. All these possible subjects are left for the future.                 
ACKNOWLEDGMENTS 
 We are grateful to P. H. Diamond, Q. Yu, X. Garbet, J. Q. Dong and the participants 
in the Festival of Theory, Aix en Provence 2015 and 43rd European Physical Society 
Conference on Plasma Physics, Leuven, Belgium 2016 for fruitful discussions. This 
work was supported by the NSFC Grant Nos. 11675059 and 11305071, the MOST of 
China under Contract No. 2013GB112002. 
Reference: 
1. M. Shimada, Fusion engineering and design 15 (4), 325-341 (1991). 
2. M. Z. Tokar, P. K. Shukla, B. Eliasson and L. Stenflo, AIP Conference Proceedings, 94-104 (2008). 
3. T. ITER Physics Expert Group on Confinement, ITER Physics Expert Group on Confinement Modeling, 
Database, and ITER Physics Basis Editors, Nuclear Fusion 39 (12), 2175-2249 (1999). 
4. S. Sudo, Plasma Physics and Controlled Fusion 58 (4), 043001 (2016). 
5. I. Predebon, L. Carraro and C. Angioni, Plasma Physics and Controlled Fusion 53 (12), 125009 (2011). 
6. S. Hirshman and D. Sigmar, Nuclear Fusion 21 (9), 1079 (1981). 
19 
 
7. E. A. Belli and J. Candy, Plasma Physics and Controlled Fusion 50 (9), 095010 (2008). 
8. Y. Homma, S. Yamoto, Y. Sawada, H. Inoue and A. Hatayama, Nuclear Fusion 56 (3), 036009 (2016). 
9. V. Naulin, J. J. Rasmussen, C. Angioni, C. Giroud, M. Valisa, M. E. Puiatti, L. Carraro and S. Benkadda, 
AIP Conference Proceedings 1013, 191-206 (2008). 
10. M. Frojdh, M. Liljestrom and H. Nordman, Nuclear fusion 32 (3), 419 (1992). 
11. T. Fülöp and H. Nordman, Physics of Plasmas 16 (3), 032306 (2009). 
12. T. Fülöp, S. Braun and I. Pusztai, Physics of Plasmas 17 (6), 062501 (2010). 
13. H. Nordman, A. Skyman, P. Strand, C. Giroud, F. Jenko, F. Merz, V. Naulin and T. Tala, Plasma Physics 
and Controlled Fusion 53 (10), 105005 (2011). 
14. A. Skyman, H. Nordman and P. Strand, Physics of Plasmas 19 (3), 032313 (2012). 
15. T. Hein and C. Angioni, Physics of Plasmas 17 (1), 012307 (2010). 
16. C. Angioni, F. J. Casson, C. Veth and A. G. Peeters, Physics of Plasmas 19 (12), 122311 (2012). 
17. C. Angioni and A. G. Peeters, Physical Review Letters 96 (9) (2006). 
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